Objective: To stop smoking is commonly associated with significant weight gain, but the mechanisms for this are poorly understood. We assessed the effects of smoking cessation on body weight, insulin sensitivity, b-cell function, and appetite. Subjects and methods: Twenty-seven long-term smokers (nZ27; nine females/18 males, 28G1 years, 22.9G0.6 kg/m 2 )
diabetes (3) . Although these facts are commonly known and in spite of numerous public health campaigns directed at smoking cessation, a large percentage of people worldwide continue smoking. The failure to quit can largely be attributed to the addictive properties of nicotine, but an added disincentive is the realistic fear of weight gain after smoking cessation (4) . It has been observed that the weight gain is particularly marked amongst people who have recently quit smoking (5, 6) .
The mechanisms underlying the effects of smoking cessation on body weight are poorly understood. Previous studies have suggested a reduction in basal energy expenditure as well as increased caloric intake after stopping smoking (7, 8) and it is known from previous studies that smokers are more insulin resistant than nonsmokers (9) . However, it has not yet been investigated whether b-cell function is influenced by cigarette smoking, or whether stopping smoking alters insulin sensitivity and b-cell function in ways that might relate to changes in appetite and body weight, or whether cigarette smoking and its cessation affects peripheral appetite regulating feedback signals.
We report here that the effects of smoking cessation on body weight and composition, insulin sensitivity, b-cell function, and plasma levels of peripheral appetite regulating hormones in a prospective study of smokers participating in a smoking cessation program before and after a minimum of 3 months of cigarette abstinence.
Subjects and methods

Participants
Long-term smokers (nine females and 18 males) who had been smoking at least the equivalent of five pack-years (calculated as number of cigarette packs smoked per day multiplied by the years of smoking duration) and who were attempting to quit smoking participated in this study. They were prescreened for confirmation of good health and the absence of any regular drug intake affecting insulin sensitivity, blood pressure, circulating lipids, or glucose. Exclusion criteria included elevated systolic and diastolic blood pressure (O140 systolic/O90 diastolic (mmHg)) in one or more of three measurements, pronounced hyperlipidemia (fasting circulating cholesterol O200 mg/dl and/or triacylglycerol O180 mg/dl), diabetes mellitus (fasting and 2 h glucose R126 and/or R200 mg/dl, respectively, during an oral glucose tolerance test (OGTT)), and the presence of other chronic diseases, such as overt cardiovascular disease (based on the clinical history and resting electrocardiogram). Local Ethics Committee approval was obtained and the participants signed written informed consent.
Smoking cessation protocol
The baseline study was performed while the participants were still smokers. On the first appointment, nicotine dependence (Fagerström test of nicotine dependence (10)), expiratory carbon monoxide (CO, p.p.m.), and pack-years were assessed. Participants received standardized advice regarding well-balanced diet and regular physical exercise in order to avoid weight gain when quitting smoking. After the initial counseling, participants agreed on a defined calendar day when they would finally quit smoking ('day X') and they would aim to reduce cigarette consumption gradually until that day. Participants were contacted via telephone 2 weeks, 1 and 2 months after 'day X' and were offered further appointments for counseling, if desired. Depending on individual smoking behavior and the individual's preference, nicotine withdrawal therapy via various routes ('Nicorette' chewing gum, transdermal patch, sublingual tablet, and inhaler) was offered, but tapered off again after a maximum of 2 months in order that the participants were nicotine free for at least 1 month before the first metabolic reassessment. After a minimum of 3 months of successful smoking cessation (Visit B), the participants were reevaluated using the same tests as at the baseline study day. The self-reported nonsmoking status was ascertained with cotinine measurements from the urine (i.e. cotinine must be undetectable) and CO measurements (CO below 7 p.p.m.) at the Visits B. Participants who started smoking again were not restudied after resuming. We invited those participants who were still nonsmokers after more than 6 months smoking cessation for a third metabolic assessment identical to the previous visits, but as this group was small (nZ8) we elected not to include these data to this report; for completeness, they are included as a supplement (Supplementary Figure 1 , see section on supplementary data given at the end of this article and Supplementary Table 1) . means of a free choice buffet (12) . Women were studied during the follicular phase of their menstrual cycle (i.e. within 10 days of the onset of their menstrual period), given the previously observed differences in appetite and appetite-regulating hormones between the luteal and follicular phases of the menstrual cycle (13, 14) .
After an overnight fast, a catheter was inserted into an antecubital vein for blood sampling. Body composition (fat, water, and lean body mass) was assessed applying bioimpedance analysis (BIA, Fa. Akern, Florence, Italy). Expiratory CO concentration (p.p.m.) was measured using CO detector (Mini Smokerlyser, Bedfont Instruments Ltd., Upchurch, UK). A concentration of CO !7 p.p.m. was defined as normal (15) . In addition, cotinine was measured in the spot urine to assure nonsmoking status at Visit B (Mashan Diagnostika, Reinbek, Germany).
Oral glucose tolerance test " Participants were asked to drink a watery solution of 75 g glucose (Glukodrink, Roche Diagnostics) within 5 min and a 3-h OGTT was carried out. Blood samples were taken at fasting and at 10, 20, 30, 40, 60, 90, 120, 150 and 180 min of the OGTT (11) . All samples were immediately centrifuged (4 8C, 4000 r.p.m., 10 min) and the supernatant plasma and serum were stored at K70 8C until further analysis.
Free choice buffet " After the OGTT, participants were offered a free choice buffet, consisting of bread rolls, ham, cheese, butter, milk, yoghurt, orange juice, tea, coffee, water, and chocolate. The type and the exact quantity of the food consumed was weighed and registered in order to measure total caloric intake: fat, carbohydrate, and protein consumption (12) .
Laboratory analyses
HbA1c, plasma glucose, and serum concentrations of creatinine, liver transaminases, triglycerides, and total-, LDL-, and HDL-cholesterol were measured using routine laboratory methods (www.kimcl.at).
Plasma insulin and C-peptide concentrations were measured by commercially available RIAs (Pharmacia and Cis (Gif-Sur-Yvette, France) respectively) (16) . Fasting levels of appetite-regulating hormones were measured using commercially available kits (ghrelin: RIA (intra-assay coefficient of variation (CV) 7.4%, inter-assay CV 12%), Phoenix Pharmaceuticals, Inc., Belmont, CA, USA; leptin: RIA (intra-assay CV !5%, inter-assay CV ! 9%), R&D, Minneapolis, MN, USA; neuropeptide-Y (NPY; intra-assay CV 6.4%, inter-assay CV 10.1%), and visfatin (intra-assay CV 5.8%, inter-assay CV 11.5%), EIA, Phoenix Pharmaceuticals, Inc.) (17, 18, 19, 20) and in house RIA (glucagonlike peptide 1 (GLP1); the intra and inter-assay CVs are both !10%. (21), peptide-YY (PYY); inter-assay CV !15%, intra-assay CV !9%. (22)).
Calculations and statistical analyses
b-cell secretion and insulin sensitivity " b-cell secretion was evaluated as the C-peptide response to the glycemic stimulus using the insulinogenic index (IGI), an OGTTbased measure which has been widely used (23) . The IGI40 is calculated as the ratio between C-peptide area under the curve (AUC) and glucose AUC in the time interval from 0 to 40 min of the OGTT (23) . The choice of 40 min derives from the fact that at 40 min the C-peptide concentration reached its peak value (23) .
Insulin sensitivity during OGTT was assessed by the oral glucose insulin sensitivity (OGIS) index, which takes into account known relationships between glucose disappearance and insulin (24) . Fasting insulin sensitivity was calculated using QUICKI (25) .
Statistical analysis " Sample size was calculated using the programme 'StatMate' (GraphPad, La Jolla, CA, USA). We assumed 0.05 as two-tailed a and a power of 95%, and this was based on insulin sensitivity measured with OGIS as outcome parameter. The power calculation suggested studying at least ten participants. We assumed a dropout rate of 50-60% based on previous studies on people who stopped smoking (15) and planned to initially enrol 27 participants. Comparisons before and after smoking cessation were performed using the paired two-sided Student's t-test and subjects were compared against their own baseline. For unpaired data comparison, we used twosided Student's t-test (SPSS, 19.0). Data are shown as meanGS.E.M. Differences were considered statistically significant when P!0.05.
Results
Anthropometric characteristics, details regarding nicotine dependency and previous cigarette consumption, body composition, and routine laboratory measurements at baseline (Visit A) and after a minimum of 3 months' smoking cessation (Visit B) are presented in Table 1 . Routine laboratory parameters were not altered by smoking cessation (Table 1) .
Of the initially included 27 participants, 14 were successful at stopping smoking for a minimum of
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Body weight and composition
After O3 months nonsmoking and compared with baseline, body weight, and fat mass increased by 4 and 22% respectively, while the percentage of lean body mass decreased by 5% after O3 months (Table 1) .
Free choice buffet and appetite regulating hormones
Carbohydrate ingestion was significantly increased after O3 months smoking cessation when compared with baseline (Table 1 ; P!0.05). The overall calorie intake and calories from fat and protein were not different ( Table 1) . The fasting plasma concentrations of the appetiteregulating hormones GLP1, ghrelin, visfatin, and PYY were not significantly different after smoking cessation Table 1 ). After O3 months nonsmoking, fasting insulin and C-peptide levels were approximately twofold higher than at baseline (Table 1) .
Insulin sensitivity and b-cell secretion
Plasma insulin, C-peptide, and glucose levels during the 3-h OGTT are presented in Fig. 1A , B and C. Participants who had stopped smoking showed significant fasting hyperinsulinemia (Fig. 1A) and fasting insulin resistance (Table 1) after O3 months' smoking cessation (Visit B). The dynamic measure of insulin sensitivity, OGIS, remained unchanged throughout the study (Table 1) . b-cell secretion, as measured with the IGI40, increased by 31% at Visit B (baseline, 0.30G0.11 vs 3 months, 0.39G 0.11, P!0.01; Table 1 ).
Discussion
In our study, smoking cessation was associated with significant body weight gain. Furthermore, we found that several aspects of glucose metabolism changed in the early phase of stopping smoking: insulin secretion, as reflected by fasting hyperinsulinemia and b-cell secretion in response to oral glucose, as well as dietary intake of carbohydrate, increased after 3 months of smoking cessation.
Body weight and composition after smoking cessation
An inverse relationship between cigarette smoking and body weight has been observed in rodents and humans (26) . Knowing the health hazards of smoking, smokers often cite the fear of weight gain after smoking cessation as a reason for their failure to quit (4). Although smokers have a lower BMI compared with nonsmokers, they have more metabolically adverse fat distribution with higher central adiposity (27) . Nicotine stimulates lipolysis without increasing oxidation of fat, leading to increased free fatty acid concentrations (28) , which may be one of the mechanisms rendering smokers more insulin resistant than nonsmokers (29) . Heavy smokers who stopped smoking and maintained an isocaloric diet did not have a rebound tendency to synthesize or store more fat (28), but when they had ad libitum food intake lipid de novo synthesis increased in proportion to their increased caloric intake (30) . Our data confirm that smoking cessation leads to a clinically relevant increase in body weight and fat mass. Therefore, tackling weight gain remains an important clinical issue as part of improving the overall health outcome of individuals who successfully stop smoking.
Insulin sensitivity and secretion after smoking cessation
Chronic smokers exhibit slightly increased fasting plasma insulin concentrations (31), increased fasting plasma glucose concentration (32) , and decreased insulin sensitivity compared with nonsmoking controls (9, 33) . In our study, smoking cessation led to an initial (i.e. after 3 months) further deterioration in fasting insulin sensitivity (QUICKI) and fasting hyperinsulinemia, but no change in dynamic insulin sensitivity in the OGTT (OGIS). Two other studies have shown improvements in whole-body insulin sensitivity 1-2 and 8 weeks after stopping smoking respectively (34, 35) . It is possible that an initial positive effect of smoking cessation on insulin sensitivity (maybe missed in our study on account of the protocol timing) is followed by the deterioration we observed at 3 months -by which time body weight gain was already significant. (36, 37, 38) . In rabbits, high concentrations of nicotine inhibit glucose-induced insulin secretion, while lower doses stimulated insulin secretion (39) . At the time of metabolic reevaluation after smoking cessation, subjects had also stopped their nicotine replacement for 66G13 days (minimum 24 days), confirmed by negative cotinine tests. It is therefore unlikely that insulin sensitivity or insulin secretion was still under the influence of nicotine.
Although caution should be exercised against the over-interpretation of preliminary data, we speculate that the increased insulin secretion observed could either be a 'rebound phenomenon' in response to the absence of nicotine action in the pancreas or, alternatively, a compensatory response to the transiently increased fasting insulin resistance. These findings of an increase in insulin secretion and insulin resistance after smoking cessation raise the obvious question as to whether treating insulin resistance (e.g. with metformin) could be beneficial in avoiding weight gain after quitting smoking. Randomized controlled studies would be required to investigate this.
Appetite after smoking cessation
Participants ate significantly more carbohydrates during the free choice buffet after 3 months of smoking cessation, corresponding to the transient increases of fasting insulin levels and b-cell secretion.
Studies on animal models (40) suggest that nicotine affects central appetite regulation, either by a direct effect (nicotine receptors have been found in the hypothalamus, particularly in the lateral hypothalamus which is believed to be involved in appetite regulation (41)) or indirectly (e.g. suppression of hypothalamic NPY concentrations (42), activation of pro-opiomelanocortin neurons (43)). Nicotine-treated rats eat less and gain less weight than placebo-treated animals, but weight gain catches up after nicotine cessation (44) . It has been suggested that insulin (now known to cross the blood-brain-barrier (45)), as well as leptin, may influence food intake by acting as nonpeptide neurotransmitters (46, 47) . In addition, neuroimaging studies have shown that smoking and food cues activate similar areas in the brain (left amygdala, bilateral orbitofrontal cortex, and striatum and insula) thought to respond to conditioned cues associated with natural and drug rewards (48) . It would be tempting to relate the increased insulin, fasting insulin resistance, and insulin secretion in response to oral glucose with the increased appetite for carbohydrates in smoking cessation by suggesting that there could be a 'cerebral insulin resistance' to the satiety signal of insulin when the 'reward' previously gained by smoking is lacking. However, this is purely speculative and certainly cannot be answered with the study design at hand.
Fasting GLP1, leptin, ghrelin, visfatin, and PYY levels were unchanged after smoking cessation in our study, but fasting NPY levels were increased after 3 months. NPY is produced in the arcuate nucleus/infundibulum of the hypothalamus and also at peripheral sites such as the adrenal glands. In animal experiments, exogenous administration of NPY stimulates feeding (49, 50) . The effects of nicotine treatment in rat experimental models of NPY peptide levels were conflicting, depending on the dosage and route of nicotine administration (51, 52) . There are a number of possible explanations for our finding. Given that NPY may be released along with catecholamines by the activation of the sympathoadrenal system, plasma NPY may serve as an index of sympathoadrenal activity (53, 54) . Cigarette smoking stimulates, whereas stopping smoking decreases the sympathetic nervous system activity (55, 56) . Plasma catecholamines were not measured, but the heart rate and blood pressure were unchanged over the course of the study. Therefore, it seems unlikely that the increased NPY levels observed after smoking cessation are due to increased sympathetic activation. Another possibility for the change in NPY levels after smoking could be the increased carbohydrate intake (57) . A third possibility, given that increased NPY plasma levels are found in insulin resistant states, such as type 2 diabetes, obesity, and hypertension (58, 59) , is that NPY is increased as a consequence of increased insulin resistance observed in our study participants. Last, given that NPY is found to be produced in pancreatic b cells and to inhibit insulin secretion in vitro (60, 61) , it is conceivable that changes in NPY could reflect the alteration in b-cell function following smoking cessation. Further work will be needed to investigate this.
The increase in carbohydrate intake could be attributed to several factors. Nonsmokers and smokers who are not smoking seem to perceive the sweet taste as more pleasant than smokers (62) . Carbohydrate ingestion was linked to central reward centers in behavioral experiments in people undergoing nicotine withdrawal (63) . Further studies involving brain imaging will be needed to elucidate the link between carbohydrate ingestion and smoking cessation.
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Limitations " A high proportion of participants started smoking again, as is unfortunately very common in smoking cessation (15, 64) . This study was mainly focussed on the metabolic aspects of smoking cessation rather than the psychological, therefore we have not included any qualitative data in a structured manner on the reasons for failing to quit and were not able to provide data on these aspects.
Although it was intended to study our participants at exactly three months' smoking cessation, patient availability dictated that these time points stretched to an average of 132 days (each participant had abstained from smoking for a minimum of 3 months when restudied). We have performed a large number of statistical analyses in a rather small group of participants without correction for number of comparisons. Therefore, these preliminary findings would need to be confirmed in a further study in a larger group of people. The data from those who were still nonsmokers after O6 months are not presented in this report to avoid conclusions from a subgroup analysis which is rather small. We have amended these data as additional material as a matter of completeness.
Gender-related differences " Although it has been shown that particularly women are concerned about gaining weight after smoking cessation (65), a longitudinal study observed a rather similar per year weight gain in men and women who stopped smoking (66) , whereas another study reported that weight gain in women was 1 kg higher than in men (67) . Owing to the small sample size, the parameters assessed in our study cannot be analysed for gender-related differences.
Nicotine replacement therapy " Nicotine withdrawal therapy was used by all participants up to 2 months, therefore some participants have been cigarette free for 3 months but nicotine free for 1 month at Visit B (on average they were free of nicotine for 66 days). It is not possible to differentiate whether the effects observed were related to stopping cigarette exposure or to stopping nicotine exposure in a precise time-related manner. Given that people gain weight during smoking cessation already while on nicotine replacement, but do so at a slower rate (68) in comparison with placebo (69), the weight gain we would have observed could perhaps have been larger without nicotine replacement; however, not offering nicotine replacement could have resulted in an even bigger dropout rate.
In conclusion, our data demonstrate that smoking cessation is associated with transient metabolic changes at 3 months including increased fasting insulin resistance and b-cell secretion in response to glucose. These alterations may be associated with or contribute to the body weight gain after smoking cessation.
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